ABSTRACT This paper considers a packet-scheduling algorithm for a given combined traffic of unicast and multicast data packets and proposes a hybrid router with several dedicated buses for multicast traffic. Our objective is to develop a scheduling algorithm that minimizes schedule length for the given traffic in the hybrid router. We derive a lower bound and develop an optimal solution algorithm for the hybrid router.
I. INTRODUCTION
As the amount of telecommunication traffic increases, a router using an efficient switching algorithm is required for fast routing. The traffic may be composed of unicast and multicast traffic. A popular way to handle multicast traffic is to replicate it multiple times into unicast queues in order to treat the multicast traffic as unicast. However, this approach has two disadvantages: increasing the required memory and reducing the bandwidth available to other traffic at the same input [1] , [2] . To overcome the disadvantages, we propose a hybrid router and develop a static packet-scheduling algorithm that minimizes schedule length without conflicts. The proposed hybrid router has an N N crossbar switch fabric for unicast traffic and Y buses for multicast traffic (Fig. 1) . Each input has N virtual output queues (VOQs) for unicast traffic and a single queue for multicast. An output port has two queues, one for unicast and the other for multicast traffic. The multicast traffic can be transmitted along one of the Y multicast buses if the connection does not lead to input or output conflict × (blocking). Since the router has separate routes for multicast traffic, the router is almost surely faster in service, but slightly more difficult to implement than those in [1] , [3] . Among the previous studies on static packet scheduling, [4] considered a satellite-switched time division multiple access system and [5] developed an optimal time slot assignment algorithm which minimizes schedule length. Recently, [6] and [7] developed heuristic algorithms for burst-based or packet mode scheduling. However, [4] - [7] treated multicast traffic as unicast without explicitly considering the multicast traffic. This paper describes our optimal scheduling algorithm on the hybrid router for the combined traffic of unicast and multicast data packets.
This paper is composed as follows. Section II defines the problem and section III derives a lower bound on the schedule length and develops the optimal solution algorithm. Finally, some concluding remarks and further studies are described in section IV.
II. PROBLEM DESCRIPTION
Consider the hybrid router shown in Arbiter Control to the switching matrix, denoted by S t =(s ijt ), where the switching matrix is the t-th N× (N+1) matrix and each row i and column j, i,j=1,2,...,N, has at most one positive element, and column N+1 has at most Y positive elements. Assume that there are both unicast and multicast traffic (packets) at the starting time of scheduling. The scheduling problem of [4] is the special case of this paper with Y=1. The remaining objective of the paper is to find an optimal time slot assignment algorithm on the proposed router with Y dedicated multicast buses so as to minimize the total schedule length.
III. SCHEDULING ALGORITHM Property 1. For a given augmented N (N+1) traffic matrix A, the optimal schedule length has the lower bound To find an optimal schedule with a schedule length of the lower bound of Property 1, let us define four terms. The N× (N+1) augmented traffic matrix A with total traffic T is N-complete with respect to the lower bound B if the entire line sum in A is less than or equal to B and T=N× B. Then, it is always possible to add appropriate nonnegative integers to the entry of A so as to obtain a new N× (N+1) traffic matrix A' which is N-complete with respect to B, where A'=( a' ), Step 1. Construct an augmented matrix A for the given traffic U and M.
Step 2. Transform, if necessary, the given traffic matrix A into A' so as to be N-complete with respect to B. Let i =1.
Step 3. Find a CSNR {x 1 , x 2, ·····, x N } in A' by using the maxmin matching algorithm [8] . . Proof. The schedule length has no effect on the addition of dummy traffic at the critical line since the addition never affects the current schedule length B in Step 2, where the transformed quantity a' ij does not compose a critical line.
Step 3 always constructs a CSNR by using the max-min matching algorithm with computational complexity O (N 2 (N+1) Step 2, the lower bound is calculated as B =22 by Property 1. Therefore, the matrix A requires modification to be 3-complete such that u' Notice that the optimal schedule does not depend on the sequence of the resulting switching matrix and the dummy traffic u' 11 -u 11 =13, u' 31 -u 31 =3, and u' 32 -u 32 =4 of {S i } needs to be deleted in service. We should note that the deletion method for the dummy traffic might have an effect on the number of required reconfigurations.
IV. CONCLUSIONS
An increasing amount of telecommunication traffic necessitates a high-speed router that can efficiently handle given data packets. This paper proposed an N× N hybrid router with an N × (N+Y) switch fabric, where each input port has (N+1) VOQs for unicast and multicast traffic, where multicast traffic is serviced through one of the Y multicast buses. We also found an optimal time slot assignment schedule to minimize schedule length. For the combined traffic of unicast and multicast traffic, an optimal scheduling algorithm with polynomial complexity was developed based upon a derived lower bound.
We found that there are several multiple optima with respect to the schedule length; further analysis of the schedule with respect to secondary criteria, such as the required number of reconfigurations of the router, would be valuable.
